The m olecular results dem onstrate the im portance o f using a closely related taxon as an ou tgrou p for resolving phylogenies o f highly derived species. Tests on the im portance o f the num bers o f outgroups and w hich ou tgrou p m ay be better for testing phylogenetic relationships reveal that the closer the outgroup to the ingroup, the more corroborative the results w ill be, E volu tionary rates calculated from the m orphological characters indicate that, a m on g the three genera studied, Loxodanta is the slow est evolving taxon, follow ed by E lephas, and M am m uthus. DNA sequences indicate sim ilar rate differences a m on g the three taxa. M orphological data also corroborate the cla ssica l hypothesis that the fam ily Stegodon tidae is m onophyletic and its m em bers {S tegolophodon and S tegod on) do not grou p w ithin E lephantidae. A com parison am ong m am m oths reveals that m any o f the sk u ll ch a ra cters a re in terlin k ed and m ay be con sidered as one, or as a suite o f ch aracters, eg antero-posterior com pression o f skull. An im portant trend has been observed -the m ost prim itive m am m oths had few er num bers o f plates per given tooth and low er lam ellar frequencies. A sim plified possible m am m oth ancestry and radiation is provided.
Introduction
Taxonom ists find it tantalizing to resolve questions related to phylogenetic relationships, especially if these are obscured by the fossil record, making such studies scholarly challenges, a paleontological and neontological game. Early workers (eg Blumenbach, 1779) employed the generic name Elephas for mammoths and living Asian elephants, a form at also followed by some more recent workers (eg Ezra and Cook 1959, Krause 1978) . This is not surprising since it is very difficult to distinguish between many closely related taxa the closer one gets to their splitting time in the geological record. For example, earliest elephantid genera are phenotypically extrem ely similar to one another, and this caused confusion in early stages of research until better diagnostic characters were made available (Maglio 1973 , Coppens et al. 1978 . Dispute over the generic validity o f Loxodonta and Elephas dates back to Cuvier (1825) , who regarded them as distinct taxa "differing from each other as much as Canis from Hyaena, or Lagom ys from L epus" . Based on external ear m orphology, however, Lydekker (1907 Lydekker ( , 1916 , considered Loxodonta a subgenus of Elephas which he designated as Elephas {Loxodonta) africana. If one accepts the earlier hypothesis that the extinct m am moth, M ammuthus, should be synonym ized with Elephas (Blum enbach, 1779), then Elephas would span all three genera. Recent workers (eg Aguirre 1969 , Maglio 1973 , Coppens et al. 1978 , Jones 1984 , Tassy and Shoshani 1988 consider these three genera distinct because of unique characters, especially o f the skull and teeth. Shoshani et al. (1985b) analyzed 251 characters (a part of Shoshani's 1986 characters) and provided cladistic evidence for the uniqueness o f the three separate genera. O f course, it would be impossible to study phylogenetic relationships with only two living species, the African elephant (Loxodonta africana), and the Asian elephant (Elephas maximus). Fortunately, well-preserved carcasses o f woolly mammoths (Mammuthus prim igenius), discovered in the Arctic, have provided a unique opportunity to study their soft tissues morphologically and their genes by molecular methods. Together with other extinct proboscideans, Mammuthus and the American mastodon (Mammut americanum) provide the framework for char acter evaluation. The richness o f proboscidean fossils has facilitated our search for overall evolutionary pathways within the Proboscidea.
Detailed osteological (dentition included) studies o f elephantid taxa provided evidence to suggest that among members o f the subfamily Elephantinae, Loxodonta is the most primitive genus (eg Aguirre 1969 , Maglio 1973 . These results appeared unchallenged and were accepted as the "traditional hypothesis", even though not all morphological studies confirmed these findings. For example, Valente (1983) , em ploying hair structure, was unable to corroborate these results; he reported on an unresolved trichotom y among Loxodonta, Elephas, and M ammuthus. Shoshani et al. (1985a, b) reported on polytomies based on soft tissue or bone prote.ns and collagen, although Shoshani et al. (1985b) reported on additional osteological evidence that supports the traditional hypothesis. A challenge to this hypothesis came from DNA data on modern and extinct taxa. Hagelberg et al. (1994) studied DNA sequences o f cytochrome b gene o f Loxodonta africana, Elephas mcximus, and M am m uthus prim igenius and using dolphin and rhinoceros as outgroups, suggested that Mammu.th.us and Loxodonta could be sister-taxa in a monophyletic clade". Hoss et al. (1994) also studied DNA sequences o f these elephantid species (their outgroups were cow and horse) and concluded that the four woolly m am m oths they studied "... differ from each other by 0-5 substitutions whereas the Indian and African elephants, representing two genera, differ by only two substitutions". Such an extensive polymorphism among individual mammoths, as opposed to sm aller differences between genera, raises a caution flag and requires additional investigation of the same samples and of the data generated by Hoss et al. (1994) . A close examination of Hagelberg et al.'s (1994, p. 334 ) DNA sequences reveals a two codon deletion. As these codons are present in all other mammals, we assume that the sequence differences may be due to a typographical error. Further, their results are in contrast to anatomical (Shoshani et al. 1985b ) and molecular (Yang et al. 1996) data, and are inconsistent with the classical morpho logically based hypothesis. We believe these contradicting findings o f Hagelberg et al.'s (1994) may have resulted from using distant outgroups (a cetacean and a perissodactyl). Indeed, Ulrich Joger (personal communication, 28. June 1996) reported to J. Shoshani "... contrary to our previous data and to the results of Hagelberg, Thom as, and Lister, our extended cytochrome b fragment (which is different from yours) has a large number of shared derived characters o f both M am m uthus and Elephas". When a proboscidean taxon such as the American mastodon (M am m ut americanum) is used to study sequences o f cytochrome b mitochondrial DNA (mtDNA) sequences within Elephantinae, a corroboration of the traditional hypothesis was achieved (Yang et al. 1996) . Most recently, Ozawa et al. (1997) confirmed the findings o f Yang et al. (1996) without the inclusion of Mammut americanum in their molecular study but with a larger cytochrome b mtDNA segment.
A more recent controversy concerns whether the stegodontids, Stegolophodon and Stegodon, should be grouped within the Elephantidae or should be considered as a separate family, the Stegodontidae. Traditionally, Stegolophodon and Stegodon have been an inseparable part o f the family Stegodontidae (eg Osborn 1942 , Coppens et al. 1978 , Saegusa 1996 , Shoshani 1996 . Kalb et al. (1996) , however, reported that Stegodontidae is paraphyletic (or polyphyletic, depending on the relative extent o f the group examined) and argued that both Stegolophodon and Stegodon should be classified within the family Elephantidae, and thus, abolishing the family Stegodontidae.
In this paper we provide expanded data of morphological (mostly osteological, including dentition) characters to test further the relationship among Loxodonta, Elephas, and M ammuthus. In addition, we test the phylogenetic position o f Stegolophodon and Stegodon within Proboscidea. To strengthen the methods o f testing, other elephantid genera are included in the analysis. We also increased the number of outgroups to include gomphotheres (eg Gomphotherium) in addition to M ammut. This expanded morphological data base provides stronger evidence and further support for the traditional hypothesis o f relationships within elephantid genera. This study addresses the following specific questions: (1) which taxa should be included in Elephantidae, (2) do members o f the subfamily Elephantinae have a resolved branching arrangement, (3) how significant is DNA isolated from an extinct taxon in testing phylogenetic hypotheses, (4) what are the evolutionary rates among elephantid taxa. An additional related question is the validity o f various elephantid genera and species that had to be considered in the early stages o f this study because synonymies affect the choice of taxa for analysis. T h e choice o f characters and m ethods o f analysis (see Material and m ethods) are also important considerations.
Material and methods

M o r p h o lo g ic a l c h a r a c te r s ex am in ed
Characters studied in this paper include 95 skeletal as well as dental features, taken from the m atrices o f Shoshani (1986, 1996) , Tassy and Darlu (1986) , Kalb et al. (1996 ), Saegusa (1996 ), and Tassy (1996 and sum m arized in A ppendix 1. O f these 95 characters, 72 are binary (only "0 " and " 1" codes) and 23 are m ultistate ch aracters (codes 0, 1, 2, ,3 ,4 , and 5 used). M issing data w ere coded as O ur com bined data m atrix w as constructed after com paring the characters o f Shoshani (1996) to those o f Tassy and Darlu (1986) and K alb et al. (1996) . Duplications o f characters w ere deleted after verifying that there w ere no con flicts in the coding o f these characters. Conflicts w ere edited based on re-exam ination o f the characters for the specific taxa in question. For exam ple, ch aracter 7 o f K alb et al. (1996) was not included in our com bined set because it is identical to character 9 o f Shoshani (1996) . Sim ilarly, characters 8 and 9 (also 10, 11, and 12) o f Kalb ei al. (1996) were not included because both (or the three) are part o f our character nos. 7 and 94, respectively (note: when analyzing the data w ith unordered option, splittin g one m ultistate character into two or three binary characters gives them m ore w eight than if they were com bined into one). Also, character 24 o f K alb et at. (1996) is subsum ed by their character nos. 3 2 -3 4 . Character nos. 3 2 -3 4 o f Kalb et al. (1996) , w ere better defined than those o f Shoshani (1996, eg nos. 43 and 50) , and thus w e retained those o f Kaib et al. (1996) 
T axa and s p e c im e n s stu d ied by m o rp h o lo g ic a l m eth od s
The ch oice o f these taxa w a s dictated , in part, by the taxa studied by the authors w hose hypotheses we are testing. For this reason, a total o f 14 genera/taxa is included in this study. O f these, eight are ingroup or term inal taxa (M am m utkus, Elephas, Loxodonta, Prim elephas, S tegodibelodon, Stegotetrabelodon, Stegodon, and Stegolophodan) and the rem aining seven are ou tgrou ps (P aratetralophodan, A nancus, T etralophodon, G om pkotherium , M am m al, and Phiom ia) as given in Appendix 2.
The m ost pfesiom orphic outgroup em ployed is Phiom ia. In earlier studies (eg Shoshani et al. 1985b) M am m ut was used as an outgroup; P hiom ia, Gom photherium and other gom photheres are included here to test a broader scope o f hypotheses (relationships w ithin E lephantidae and Stegodontidae), and to test th e branching pattern o f K alb ei at. (1996J, who also used Phiom ia as their outgroup. The ch aracter m atrix o f K alb et al. (1996) for Phiom ia w as coded, however, w ith "0" (the prim itive condition) for all the characters, w hereas we used actual data for the characters we analyzed. Also note th at the inclusion o f Phiom ia as an outgroup does not negate the function o f M am m ut as an outgroup taxon. On the contrary, it strengthens the testing because, with m ore than one outgroup, the polarities (direction o f evolution) and transform ation (changes o f character states o f one character) o f ch aracters for the ingroup -Elephantidae and Stegodontidae -are better defined. For sim plicity, (a) Arrangem ents o f genera, fam ilies, or higher categories in this classification (from top to bottom), correspond to the general sequence o f the branching pattern from left to right in Fig, 1A . It is believed that com prehensive classification o f proboscidean terminal taxa (about 40 genera) will not alter the general schem e presented here. M ost references to authorships are not included in this paper unless they are mentioned elsew here in this article; they may be found in Osborn (1936 Osborn ( , 1942 , Tassy (1996), and M cKenna et al. (1997) . (b (1986) and Kalb et al. (1996) . (i) This entry (" Elephantoidea") corresponds to node G in Fig. 1A . (j) Kalb et al. (1996) proposed that Slegolopltodon and Stegodon should be classified within the fam ily E lephantidae, and thus abolishing the fam ily Stegodontidae. (k) This entry ("Elephantidae") corresponds to node H .n Fig. 1A . A ccording to Maglio (1973) and Coppens ei al. (1978) , Elephantidae includes six genera with 25 species as follows: Stegotetrabelodon (with 2 species), Stegodibelodon (with 1), P rim elephas (with 1), Loxodonta (with 3), Elephas (w ith 11) and M am m utkus (with 7). In the sum m ary of Shoshani and Tassy (1996, incorporating the ideas o f W ebb and D udley 1995) the total o f elephantid species varies between 39 and 43. Another possible valid species is L oxodonta cyclotis (Groves et al. 1993) . Shoshani (19931 however, considered "Loxodonta cyclotis" a plesiom orphic sister group to Loxodonta africana, and suggested the use o f tw o subspecies -ie Loxodonta africana africana and L. a, cyclotis -until additional evidence becom es available. I f one accepts Kalb et al. (1996) hypothesis that Stegodontidae (Stegolapiodon and S tegod on) be included in Elephantidae, then the total number o f species w ould rise and va:y from 42 to 77. (1) M aglio (1973) and Coppens et al. (1978) proposed to classify Stegotetrabelodon and S tegod i belodon in the subfam ily Stegotetrabelodontinae. This hypothesis does not seem to be corroborated by recent workers (eg Tassy and Darlu 1986 , Tassy 1996 , Kalb et al. 1996 , Shoshani 1996 . (m) This entry
("E lephantinae" ) corresponds to node K in Fig. 1A All test conducted w ith the characters " unordered", ie, in all characters it costs only one step in the sequence o f transform ation from one m ultistate character to another. The num bers in the third colum n are the length o f the cladogram (or the m inim um num ber o f evolutionary steps required for a given tree topology) obtained when running PAU P, and the num bers o f changes (fourth colum n) are the differences between this tree topology and one o f the m ost parsim onious trees, Test no. 0. (1) Each hypothesis testing was perform ed on the original tree; in other words, after one test was com pleted, the branching arrangem ent was returned to its original topology (as shown in (1996) , or tow ards understanding or testing this hypothesis. Kalb ef al. (1996) proposed to abolish the fam ily Stegodontidae because it is paraphyletic (or polyphyletic, depending on the relative extent o f the group exam ined) and both Stegolophodon and Stegodon should be classified w ithin the fam ily Elephantidae.
In test no. 2, Stegodon as a sister-group o f Elephantidae (content as in M aglio 1973 and Coppens et al. 1978) . (4) Test conducted to learn the range in step changes when Stegodon, Elephas, and M am m uthus are join ed to Loxodonta. (5). This branching pattern is sim ilar to that proposed by Kalb et al. (1996, p. 106) , except that here we have two additional genera, Gomphotherium and M am m ut. (6) T he purpose o f these tests is to further exam ine the relationships am ong gom phothere taxa and to further elucidate their paraphyletic ("the w astebasket hypothesis" ) or monophyletic status (cf Shoshani 1996, T a ssy 1996).
(7) T est conducted to understand better the plasticity o f the characters used with reference to notes nos 4 -5 above. (8) A hypothesis suggested by M aglio (1973) and Tobien (1988) . N ote, however, that in this study M am m utidae is represented by M am m ut, and could be the reason for the high (28 steps) difference, as opposed to 15 steps difference when tested w ith a denser character matrix (cf. Shoshani 1996, p.
171). (9) Towards understanding or testing the hypothesis that Phiomia was on the line o f ancestry to gom phothere taxa (eg Tobien 1976, Coppens et al. 1978) . (10) 
C la d istic a n a ly sis o f m o rp h o lo g ica l data
For the m orphological data, com puter analysis was conducted with SwolTord's (1993) P hylogenetic analysis using parsim ony (PAU P) version 3.1.1, and M addison and M addison's (1992) M acClade version 3.0. W e used the standard specifications for PAU P and M acClade analyses, except for the follow ing (in PAUP): (1) O ptim ization was conducted using ACCTRAN (accelerated transform ation) and D E LT R A N (delayed transform ation), MAXTREE was set to 100 and to "A utom atically increase by 100" intervals; (2) The "H euristic" and "Exact M ethod" (" Branch and Bound") search options o f PAU P w ere em ployed to identify the m ost parsim onious tree(s). In both searches characters were treated w ith equal w eight and as unordered (for each m ultistate character, all transform ations cost only on e step), and the program allows reversals; (3) in the H euristic search, all three options were tried (G eneral, Stepw ise addition, and Branch sw apping); the Stepwise addition has four sub-options (As is, C losest, Sim ple, and Random ) -all w ere perform ed, w ith 10 and 100 replications; (4) in all runs, the outgroups and the ingroups were not constrained, ie not specified. Results from PAUP with b rief com m ents are given in Appendix 3.
F or the pu rpose o f com pa rin g m olecular and m orphological studies, we also tried different topologies o f cladogram s (m anual branch sw apping with MacClade; Table 2 ). In addition, we ran PA U P w ith only one ingroup (Stegodontidae and Elephantidae), but changed the num ber o f the outgroups (Table 3) .
M o le c u la r m aterials
Ten specim ens o f Proboscidea were used for DNA extraction and analysis (seven extinct, two extant and one hybrid; details in Appendix 4). Fossil specim ens ranged from about 46 000 to 10200 years old. N ote that M am m uthus (extinct), Elephas, and Loxodonta are classified in the fam ily E lephantidae and M am m ut (extinct) is placed in the fam ily M am m utidae (Table 1) . Table 3 . Testing the im portance o f outgroups am ong proboscidean taxa. (1) T he 10 tests* presented in this table are a sam ple o f tests conducted "m anually" w ith PAUP program (specifications in text). The first entry indicates the results as shown in Fig. 1A w hen all 14 taxa are included in the analysis. S u bsequent tests w ere conducted such that some taxa w ere deleted from the matrix and the program w as executed individually to obtain the results shown in the third and fourth columns. (2) T he first num ber in this colum n refers either to a single tree/cladogram or two to three equally parsim onious trees as obtained from PAUP analysis, and the second num ber in parentheses refers to the tree length (TL). (3) H ere the ingroups are defined as Stegodontidae and Elephantidae. Elephantidae alw ays rem ained as a m onophyletic taxon, thus the em phasis is on testing w hether or not Stegodontidae w ould rem ain as a m onophyletic taxon (cf Saegusa 1996 , Shoshani 1996 , Tassy 1996 or a paraphyletic (c f K alb ei al. 1996). An en try o f "yes" means th at the ingroup, specifically the Stegodontidae, is a m onophyletic; "no" m eans that the Stegodon is join ed w ith the stem o f Elephantidae instead o f w ith Stegolophodon. (4) M am m ut + Stegodontidae (2 taxa) + Elephantidae (6 taxa), a total o f 9 taxa. (5) This tree is the sam e as in Fig. 1A , and in the first entry to this table. (6) Tests from this entry to th e end o f this table w ere conducted by deleting individual taxa, rather than adding them as w as done in the entries above. Three different DNA isolation and purification approaches w ere used: traditional proteinase K (H agelberg and Clegg 1991 (H agelberg and Clegg , C ooper 1994 (H agelberg and Clegg , H ardy et al. 1994 , 2% CTAB approach (Doyle and Doyle 1987, G olenberg 1994, Y ang ei al. 1997b) , and glass bead approaches (Boom et al. 1990 , H oss and Paabo 1993 , Cano and Poinar 1993 . Experim ents were conducted in a plant m olecular lab w here no m am m alian DNA (except hum an) w as handled previously by follow ing a blind test design (Y ang et al. 1997a ). Special care w as taken to prevent contam ination (eg equipm ent and reagents were dedicated solely for ancient D NA work). W henever possible, disposable equipm ent was used, and reusable utensils w ere soaked in 0.5% sodium hypochlorite and then exposed to U V light for one hour prior to experim entation (for details, see Y an g et al. 1997b).
P olym era se ch ain rea ction (P C R ) w as perform ed u sin g prim ers designed based on m odern eleph ant cytochrom e b gene m tD N A sequen ces (Y ang e t al. 1996) , A m plifica tion o f specim ens M am m uthus (EL#2) and M am m ut (EL#23) DNA were carried out using tw o-stage nested PCR w ith newly designed internal primers Elcytb65 (5' CTA CCC CAT CCA ACA TAT CAA CAT GAT 3' ) and E lcytb320R (5' CGG T A T TTC AA G TTT CC G A G T A T A GGT 3'}; other details are given in Y a n g et al. (1996) . The primary PC R product was used as a tem plate without further purification in the second stage o f the nested am plification. To m onitor contam ination, extraction and negative PCR con trols from prim ary am plification w ere carried through the secondary PCR. DNA sequences were derived by direct dideoxy sequencing o f PCR products (Barnard et al. 1994) , and each sequence w as read from both strands. To avoid or reduce bias in our study, the taxonom ic identities o f the sam ples w ere initially known only to the one author (JS) who w as not perform ing the laboratory experim ents; th e other co-authors (EMG and HY) w orked with num bers for the genetic testing, a type o f blind testing design (Yang ei al. 1997a) . Correct identifications o f Recent species and duplicates from ancient specim ens w ere achieved w hen sequences determ ined in the laboratory were com pared with previously published data (eg Irwin et al. 1991) . P h y lo g e n e tic a n a ly ses on m o le c u la r d ata P hylogenetic analyses were perform ed using maximum parsim ony with exhaustive search and equal character w eighting (Swafford 1993) and by neighbor-joining anatysis using tw o-param eter sequence distance estim ates with a 10 to 1 transition to transversion ratio (Kum ar et al. 1993 , Felsenstein 1993 . A s explained below, a ratio o f expected transitions to transversions is required to generate distance estim ates, and functions in estim ating the num ber o f m ultiple hits (m utations) occu rrin g at a particular position or character. Thus, this ratio does not function as a character T able 4. Evolutionary rates that occurred during geological time span for certain proboscidean taxa. Letters for nodes/clades, num ber o f evolutionary changes (EC) along a branch, and divergence tim es are given in Fig. 1A. (1) For sim plicity (and because o f the close "splitting tim es"), individual rates for the tim e spans am ong nodes C through G and nodes H through K were om itted; they can be easily calculated from the data given on the cladogram (Fig. 1A) . (2) Numbers before the slash (I) refer to ECs for ACCTRAN option in PAUP, and the num bers follow ing the slash are ECs for DELTRAN option in PAU P (cf caption to w eigh tin g in parsim ony analysis. Additionally, in our data, only one transversion occurred and it falls on the branch leading to the outgroup, Mammut. Therefore, a weighted parsim ony analysis would not ch ange the m axim um parsim ony tree topology and so it was not used.
C a lc u la tin g e v o lu tio n a r y rates
Rates o f evolution (calculated as the num ber o f evolutionary changes (ECs) divided by the time over w hich these changes took place) provide a measure for understanding the evolution o f lineages over a given geological time span. The time o f divergence o f each o f the m ajor proboscidean clades along the "spine" , or m ajor axis o f the cladogram in Fig. 1A from Phiomia to Elephantini, w as extrapolated from the illustrations and discussion of M aglio (1973), Coppens et al. (1978) , Tassy and Shoshani (1996) . The approxim ate dates o f divergence in million years ago (M a) are given under Fig. 1A . A m axim um parsim ony cladogram obtained with PAUP using 95 unordered characters on 14 taxa; tree length (TL) = 137, Consistency Index (C l) = 0.78, Retention Index (RI) = 0.84. This cladogram was used to test phylogenetic hypotheses explained in Table 2 , and testing the im portance o f outgroups am ong proboscidean taxa (Table 3) -8 , node F -3 , node G -11, node G .l -3 , node H -5 , node 1 -3 , node J -5, node K -8 , node L -7 (num bers in italics represent differences between ACCTRAN and DELTRAN). D ifferences in E C s for the term inal taxa, from left (P h iom ia) to right (M am m uthns) are: Tetralophodon 2 vs 0, Paratetralophodon 1 vs 0, Stegolophodon 4 vs 3, Stegodon 7 vs. 6, Stegodibelodnn 1 vs 0, Prim elephas 3 vs 2, and Loxodonta 1 vs 3. Regardless o f the differences for specific nodes or terminal taxa betw een A CC T R A N and DELTRAN , the total length o f the tree rem ains the s a m e -1 3 7 steps. The subfam ily E lephantinae includes Prim elephas as shown in Table 1 .
Results and discussion in parentheses after each o f the subheadings below; c f T able 4 and Fig, 1A for nam es and geological tim es o f approxim ate divergence (splitting) o f taxa. R elative rates o f cytochrom e b gene evolution am ong the terminal taxa, Loxodonta, M am m uthus, and E lephas, w ere determ ined using a relative rates test {Sarich and W ilson 1967, Wu and Li 1985) . Sequence distances from these three taxa to M am m ut am ericanum w ere determined using a Kimura tw o param eter estim ate, using PH Y LIP (Felsenstein 1993) .
Results and discussion
M o r p h o lo g ic a l analysis
Using the combined set of 95 characters shown in Appendix 1, the topology o f the cladogram for the 15 taxa studied is depicted in Fig. 1A . For the purpose o f direct comparison with the taxa employed in the molecular analysis (Fig. 2) , we also present Fig. IB which is a condensed version of Fig. 1A ; it includes one ingroup (Elephantidae) and one outgroup {Mammut). Note that only one tree was obtained with PAUP analysis (no equally parsimonious trees).
Branch swapping was conducted on the cladogram (Fig. 1A) ; results are shown in Table 2 . It is noted that the changes in the number o f steps from the most parsimonious to other alternatives within Stegodontidae or within Elephantidae tested are small, ranging from one to five steps. Results confirm that Mammuthus and Elephas are more closely related to each other than either is to Loxodonta. Five additional steps are required when Mammuthus and Loxodonta or Elephas and Loxodonta are joined in a common branch (Table 2) . It is also noted that, although members of the family Stegodontidae (Stegolophodon and Stegodon) are monophyletic, breaking this clade costs only two additional steps -weak evidence, considering their long accepted history (since Osborn 1918) as a monophyly. Certainly, additional characters must be examined before a definite conclusion can be reached.
A series o f tests was conducted with the present morphological character m atrix to evaluate the influence of outgroups on the cohesiveness o f the ingroups. In these experiments, we deleted certain outgroup taxa from the matrix and ran PAUP to test whether the family Stegodontidae remained monophyletic as it was suggested by Saegusa (1996) , Shoshani (1996) , and Tassy (1996), or, if Stegolophodon and Stegodon would separate as suggested by Kalb et al. (1996) . In ten o f 12 tests, the Stegodontidae is monophyletic, whereas in two o f 12 tests, Stegodon groups with Elephantidae, m aking Stegodontidae paraphyletic ( Table 3 ). Outgroups that are phylogenetically closer to the ingroups are more reliable (more accurate) candi dates for testing relationships within the ingroups, because the shorter branches (between the ingroup and the closer outgroup) have accumulated fewer m utations than shorter branches between the ingroup and the distantly related outgroup (Adachi and Hasegawa 1995, Y ang ei al. 1996) . Less mutation results in fewer possibilities for parallelism and convergence, better polarization o f characters, and overall better, and more accurate resolution o f relationships am ong term inal taxa. O ur results are corroborated by the vast majorities of sim ilar studies (cf to references given above). This was also demonstrated by m olecular data o f Y ang ei al. (1996; further discussion below). We also noted that em ploying more than one outgroup (in our case, two or more) appears to be a more founded character polarity, and possibly a better resolution for taxa within the ingroups.
M a m m o th s o f E u rop e and A sia
A ccording to Lister (1996) and Lister and Bahn (1994) , three lineages or successive stages o f mammoths were present in Eurasia: the "ancestral m am m oth", Mammuthus meridionalis (lived from about 3.0 to 0.7 Ma), the "steppe m am m oth", M. trogontherii (lived from about 0.7 to 0.5 Ma), and "w oolly m am m oth", M. prim igenius (lived from about 0.4 to 0.01 Ma). The evolutionary histories of these m am m oths are complex and often intertwined (overlapping geological records and variations in characters). Nevertheless, these overall trends have been observed (Osborn 1942 , Maglio 1973 , Lister 1996 : shift from long and low to short and high skull, including the brevirostry o f the mandibular symphysis (antero--posterior compression); shift in the angle o f tusk alveoli from projecting forward to projecting almost vertically downward; increase in angle o f m olar eruption; increase in lamellar frequency; increase in hypsodonty index; decrease in enamel thickness; and decrease in shoulder height. As can be noted, m any o f the characters are interlinked and may be considered as one, or suites o f characters, eg antero--posterior compression of skull. By most accounts (summarized by Lister 1996) , the morphology of M. trogontherii appears to be more derived than that o f M. meridionalis. Thus, M. trogontherii more resem bles M. prim igenius than M. meridionalis. M. meridionalis appears to be the most plesiom orphic (am ong M. m eridionalis, M. trogontherii, and M. prim igenius) for these reasons: it has lam ellae with median loops and presence of P4 as observed in one cranium (from Khapry, Russia). Median loops are vestiges o f central conules found in gomphothere (m ore primitive proboscidean than M. meridionaiis). Similarly, the presence of a perm anent upper premolar is more often found in earlier, less advanced pro boscideans, and thus is considered a primitive character, although it has been suggested that presence o f P4 in certain crania of advanced proboscideans may be an atavistic character (Dubrovo 1989). Lister (personal communication) noted that the significance of the P4 in the Khapry M. meridionaiis is uncertain because it has been observed in only one individual, so it might be considered an individual atavistic character. M a m m o th s o f N o r t h a n d C e n t r a l A m e r ic a A discussion of taxonomy and systematics of the North American mammoth was provided by Agenbroad (1994) . According to Agenbroad (1984 Agenbroad ( -p. 91, 1994 M a m m o th a n c e str y and in te r-r e la tio n sh ip s Based on the available literature (eg M aglio 1973 , Coppens e t al. 1978 , Agenbroad 1984 , Lister and Bahn 1994 , Webb and Dudley 1995 , Lambert 1995 , Lister 1996 1973, pp. 77, 79, 116-117) , Agenbroad (1984 Agenbroad ( , p. 91), G raham (1986 , Lister and Bahn (1994, pp . 1 1 -3 5 ), W ebb and D udley (1995, pp. 6 5 4 -6 5 7 ), Lister (1996, p. 203) , Shoshani and Tassy 1996, pp. 3 6 1 -3 6 2 ), Todd and Roth (1996, p. 198), and W ebb (1996, p of M. hayi is M. meridionalis which may have arisen from M. africanavus or M. subplanifrons (cf Fig. 3 ).
M o le c u la r a n a ly sis
A total o f 228 base pairs o f cytochrome b gene sequences from four proboscidean taxa was used in phylogenetic analysis, and they were aligned with the published Loxodonta sequence o f Irwin et al. (1991) . Phylogenetic analysis was performed using domestic pig (Sus scrofa), black rhinoceros (Diceros bicornis), and human (Homo sapiens) sequences as outgroups, or, the fossil American mastodon (Mammitt am ericanum ) as an alternative outgroup. When modern non-proboscidean taxa (Sus, Diceros, H om o) were used as outgroups, all proboscideans were clustered together form ing a m onophyletic clade with M am m ut as the first branching outgroup taxon. This m onophyly is supported by 100% bootstrap resam pling analysis. Nonetheless, the relationship among mammoths (M am m uthus) and the two modern elephants (Elephas and Loxodonta) could not be resolved above the 50% consensus level. On the other hand, when M ammut was added as the outgroup, both parsimony and neighbor-joining trees suggested that Elephas and M am m uthus formed a natural clade with Loxodonta as the sister-group. The topology is supported by relatively high bootstrap numbers (74%), especially in com parison to a bootstrap support o f 80% for monophyly of Loxodonta. This analysis dem onstrates the effectiveness o f using an appropriate outgroup for resolving phylogenies o f highly derived elephantine lineages.
Long branches between the outgroups and ingroups could and do affect the relation sh ip s am ong the ingroup taxa. This phenom enon is probably m ore prevalent in molecular than morphological characters, because there is a bias in the ratio o f transition to transversion substitutions (Transition substitutions are defined as a replacem ent o f a purine (either adenine or guanine) with the other purine, or a replacement o f a pyrimidine (cytosine or thymine) with the other pyrimidine. A transversion is defined as the substitution o f a purine in place of a pyrim idine, or a pyrimidine in place of a purine). There are twice as many possible transversions as there are transitions. Yet, most studies indicate a clear pre dominance o f transitions over transversions. The bias toward transitions is the result o f a chemical process o f most nucleotide base substitutions. W hen such a bias occurs on long branches, parallel and convergence mutations accumulate with time, and these mutations cause these long branches to be pulled together in a false clade. The best way to reduce or prevent such a bias is to choose an outgroup as closely related to the ingroup as possible.
Our molecular data also indicate that there is heterogeneity in evolutionary rates between Elephas-M ammuthus and Loxodonta clades relative to the common outgroup M ammut sequence. The Elephas-M ammuthus clade seem s to have evolved at a more rapid rate relative to Loxodonta, in agreement with previous m orphological data (Shoshaniei al. 1985b) . Caution should be taken with the inter pretation of these results because our sequences are relatively short (228 base pairs). Table 4 provides approximate divergence times for taxa shown in Fig. 1A , followed by the evolutionary changes that occurred during this period and the calculated evolutionary rates (additional explanations are given under Material and methods). Letters for nodes/elades, number o f evolutionary changes (EC) along a branch, and divergence times are included in Fig. 1A .
E v o lu tio n a ry ra tes
In summary, evolutionary rates o f morphological characters display a relatively slow rate close to the ancestry o f Proboscidea, followed by an acceleration along the branch from Elephantida to Elephantoidea (during the early and middle M iocene, from ca 24 to 19 Ma). This accelerated event was followed by a decelerated rate (during the late Miocene), followed by a burst o f acceleration rate towards the suggested em ergence and diversification o f Elephantidae (from about the late M iocene to late Pliocene), and varying rates among Loxodontini and Elephantini taxa (Fig. 4) . The observation o f very fast acceleration at about the emergence of Elephantidae may be correlated with the fact that "... the Miocene saw major changes in global clim ate". The early Miocene "was warmer and had less seasonal variation than at any time and by late Miocene, "a new low in averege global tem peratures" was prevalent (Tattersall et al. 1988, pp. 350, 351) . A burst o f acceleration o f morphological characters within Proboscidea m ay also be correlated with the newly available ecological niches that were utilized by certain developing lineages.
Since the end o f the Pliocene, at the time when Loxodontini and Elephantini diverged, through the end o f the Pleistocene or Holocene, each lineage took a different adaptive path. W ithin these approximately six million years, evolutionary rate values for Loxodonta, Elephas, and Mammuthus were calculated to be 0.50, 0.83, and 1.17, respectively (Table 4 , 4th column, numbers on left o f 7 "). These findings corroborate those o f M aglio (1973) and o f Shoshani et al. (1985b) , indicating that Mammuthus was the fastest evolving genus, having evolved at about twice the rate of Loxodonta. Data from our molecular investigation indicate a 2 5 -3 6 % increase in rates o f substitution in Elephas and Mammuthus compared to Loxodonta (Y angef al. 1996) . It should be noted, however, that these differences do not reach statistical significance, presumably due to the small sequence length studied.
M o r p h o lo g ic a l v s m o le c u la r r e su lts: a c o m p a riso n
Focusing on the Elephantinae taxa (Loxodonta, Elephas, and M am m uthus) which were tested with both approaches, and only on the results when M am m ut am ericanum was employed as an outgroup, we note the following.
In the m orphological portion of this study we used 95 characters, whereas the m olecular characters number 228. The maximum number o f character states in the m orphological data was six (0, 1, 2, 3, 4, 5), whereas there are four possible character states (A -adenine, G -guanine, C -cytosine, T -thymine) for the molecular characters. The number of characters is not significant as long as they are good and chosen objectively. The latter statement holds true for molecular more than for morphological data because of the possible subjectivity involved in choosing morphological characters. The number of character states is perhaps more significant than the number of characters because (when running PAUP with the unordered option), the greater the number o f character states the more ambiguous the polarities of these character states will be (see also discussion in Shoshani et al. 1996) ; based on our experience, with such a small difference o f six vs four the ambiguity o f the polarities is not much different.
Cladistic analyses o f morphological and molecular data support the traditional hypothesis that M am m uthus and Elephas are more closely related to each other than either is to Loxodonta. Mammut americanum proved to be an excellent choice as an outgroup for both, morphological and molecular studies, because o f the recen cy o f com m on ancestor within Proboscidea and because o f the superb preservation o f the bones that provided DNA for comparison with another extinct taxon (M am m uthus) and the two extant genera (Loxodonta and Elephas). Results with molecular data demonstrate the importance of using a closely related taxon as an outgroup for resolving phylogenies o f highly derived species. The choice o f a distantly related outgroup (outside o f Proboscidea) would result in inferring evolutionary events over a long period o f time (twice the time since the existence o f the last common ancestor o f the outgroup and ingroup). During this period, we assume that neutral nucleotide substitutions will accrue along both independent lineages (outgroup and ingroup). Because the gene sequence o f interest must be evolving rapidly enough to distinguish hierarchical relationships am ong the Elephantinae, the gene sequences within the long independent lineages will accum ulate a considerable num ber o f substitutions. The result w ill be that distantly related gene sequences will be equally distinct from any term inal taxa w ithin the ingroups, and will not, therefore, be useful in determ ining the hierarchical relationships o f the inner nodes. This, in turn, results in incorrect rooting of the trees, especially when the branch lengths o f the ingroups are heterogeneous. Evolutionary rates for the morphological characters indicate that am ong the Elephantinae, Loxodonta is the slowest evolving genus, followed by Elephas and Mammuthus. An indication for such rates was also obtained from the molecular data.
Conclusions
Results presented here are based on 95 morphological (osteological and dental) characters and 228 molecular characters (mtDNA base pairs). In the m orphological part we studied 14 taxa (2 proboscidean outgroups, 4 gomphotheres, 2 stegodontids, and 6 elephantids), and in the m olecular part we analyzed 7 taxa (3 non -proboscidean outgroups, 1 proboscidean outgroup, and 3 elephantids). Two o f the proboscidean taxa studied by molecular methods are extinct genera, and were radiom etrically dated between 46 000 and 10 220 years ago. Our results are summarized as follows:
(1) It is im perative that m orphological characters are clearly defined and illustrated. Taxonom ists m ust make special effort to describe morphological characters as clearly as possible; illustrations/photographs perhaps with arrows indicating exactly the nature of a character are very useful. In some cases, one misunderstanding or m isinterpretation in the meaning o f one writer by another can produce drastically different results, especially when the coding o f a pivotal character produces different polarities by different interpreters. This type of subjectivity in describing characters is non-existent in molecular studies -the sequences (characters) are, in turn, analyzed by a computer (see discussion in Shoshani 1996, and Shoshani et al. 1996) . One solution is collaborative studies, another is concentration on a few characters, but to study them thoroughly (this statement includes the works o f Shoshani!).
(2) Cladistic analysis o f morphological and molecular data corroborate the traditional hypothesis that Mammuthus and Elephas are more closely related to each other than either is to Loxodonta. Studying relationships within Elephantidae (using morphology or m olecules) must not be conducted in isolation; the outgroup chosen -preferably within the Proboscidea -is an important decision, and two outgroups are better than one.
(3) It is extremely important to employ an outgroup which is closer (at least one which belongs in the same taxonomic order) to the ingroup -the closer the outgroup to the ingroup, the more accurate the results will be. In addition, more than one outgroup will probably help to define the transformation (morphoclines; ie, changes that occur from one character state to another with one character) o f characters and their polarities.
(4 ) Stegotetrabelodon and Stegodibelodon, once thou ght to belong in one subfam ily (Stegotetrabelodontinae; Maglio 1973 , Coppens et al. 1978 , do not remain grouped in one clade. Stegodibelodon is a sister-group to Elephantinae followed by Stegotetrabelodon, a relationship also corroborated by the studies o f Kalb et al. (1996), and Shoshani (1996) . It costs three additional steps to support M aglio's (1973) hypothesis (cf Table 2 ).
(5) Our findings also suggest that the family Stegodontidae (Stegolophodon and Stegodon) is a m onophyletic taxon although with weaker support than for relation ships within the Elephantinae. Kalb et al. (1996) hypothesized that Stegodontidae is not a m onophyletic taxon.
(6) R ecent detailed studies o f Eurasian and North Am erican m am m oths indicate that their evolutionary histories are complex and often intertwined with overlapping geological records and variations in characters. Despite these com plications, overall trends have been observed, and they can be summarized by observing changes in the skull -from low and long in primitive taxa to high and short in more advanced ones -and also by increase o f lamellar frequencies through geological ages.
(7) M am m utidae (here represented by M ammut) is not a sister-group to Stegodontidae. Mammutidae is the plesiomorphic sister-group to the clade comprising all gomphotheres, stegodontids, and elephantids. The close association o f Tetralophodon, A nancus, and Paratetralophodon with Stegodontidae and Elephantidae corroborates the hypothesis that Stegodontidae is more closely related to gom photheres and elephantids than to mammutids.
(8) The gomphotheres, sensu lato, arc definitely not a monophyletic assemblage, a conclusion also reached by Tassy (1996) and Shoshani (1996) .
(9) Calculated evolutionary rates for the morphological and molecular charac ters indicate that am ong the three elephantine genera studied, Mammuthus had evolved at the fastest rate, followed by Elephas, and then, Loxodonta. For the given characters we studied, autapomorphies along the Mammut branch are greater in the morphological than in the molecular characters (12 vs 8; c f Fig. IB to Fig. 2) .
(10) The suggested partial classification for the proboscidean taxa studied (Table 1) is based on the works o f several authors (eg Shoshani 1986 , Tassy and Darlu 1986 , Kalb et al. 1996 , Tassy 1996 , and is not intended to present a "final" branching pattern among these taxa -it is only a tentative working hypothesis based on the available evidence. and S. D. Webb. Tassy's (1990 and characters were invaluable and discussions o f their polarities w ere pivotal. A . M. Lister's and S. D. W ebb's help with sim plifying and correcting the m am m oth evolutionary chart (Fig. 3, draw n R eceived 23 M arch 1998, accepted 30 M ay 1998. A ppendix 1, Proboscidean characters exam ined to test hypotheses discussed in this study. * C haracters in this table are from three m ain sources: Shoshani (1996, pp. 1 6 2 -1 6 6 ), T issy and D arlu (1986, pp. 5 9 9 -6 0 0 ), and Kalb et al. (1996, p. 104) . Each set o f characters is listed separately for easy reference. Sequential num bers are given first and these are followed (in parentheses) by the original num ber o f the authors to make it easy to trace the sources. This system is also folow ed in A ppendix 2, where the num bers at the top are sequential, and the num bers beneath them are from the original papers. * C haracters from Shoshani (1996) are adapted from, or slightly m odified after m any source;, details and key to references are given in Shoshani (1996, p. 162) . W henever possible, characters w ere observed on adult individuals, and at least three specim ens were exam ined for each taxcn (other details under M aterial and methods). Characters are arranged from anterior to posterior o f body, beginning with incisors. Note K18a: In characters K18 through K22, the word " plates" does not define which plates. This is con fu sin g because the configuration of the posterior and anterior face o f each lophid or I owe: plate is different at the anterior, m iddle, and posterior o f a tooth. W e have not attem pted to correct (r m odify K alb ei a i.'s data for this question, but placed a "?" for Stegolophodon and Stegodon because they are m ost likely to be incorrectly coded and are the crux o f the main disagreem ent betw een K iib et al. (1996) results com pared to other authors (eg Tassy and Darlu 1986, Saegusa 1996, Sh osh a ii 1996). Note K 18b: "absent" under character state (1) may be interpreted as if is not "very con vei" or not "shallow convex", in which case som e taxa, eg, Stegolophodon and Stegodon m ight be coded vith "?"or 
